We examine the low energy phenomenology of the relaxion solution to the weak scale hierarchy problem. Assuming that the Hubble friction is responsible for a dissipation of the relaxion energy, we identify the cosmological relaxion window which corresponds to the parameter region compatible with a given value of the acceptable number of inflationary e-foldings. We then discuss a variety of observational constraints on the relaxion window, including those from astrophysical and cosmological considerations. We find that majority of the parameter space with a relaxion mass m φ 100 eV or a relaxion decay constant f 10 7 GeV is excluded by existing constraints. There is an interesting parameter region with m φ ∼ 0.2 − 10 GeV and f ∼ few − 200 TeV, which is allowed by existing constraints, but can be probed soon by future beam dump experiments such as the SHiP experiment, or by improved EDM experiments. *
I. INTRODUCTION
Recently cosmological relaxation of the Higgs boson mass has been proposed as a new solution to the weak scale hierarchy problem [1] , leading to a number of subsequent works to explore its viability [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] 1 . The scheme involves an axion-like field, the relaxion φ, which scans the Higgs boson mass in the early universe from an initial value comparable to the cutoff scale M ≫ v = 246 GeV to the final value of O(v). Such cosmological relaxation of the Higgs boson mass can be achieved by assuming the following form of the relaxion potential:
where h is the Standard Model (SM) Higgs field and
where f eff is a mass scale describing the relaxion excursion 2 necessary to scan the Higgs mass-square µ 
to avoid a fine tuning problem. With the above potential, initially the relaxion starts from a value giving µ 1 For a similar earlier idea, see Ref. [16] . 2 Note that we are using a different notation from [1] , which appears to be more convenient for describing the physics of axion-like φ. The relaxion coupling g introduced in [1] corresponds to g = M 2 /f eff in our notation.
due to the periodic barrier potential V b which is developed when µ 2 h (φ) becomes negative and therefore h gets a nonzero expectation value.
There are two different schemes to generate the barrier potential V b . The minimal scheme would be to generate V b by low energy QCD through the coupling:
where G andG denote the gluon field strength and its dual, respectively. In this case, V b corresponds to the well-known QCD axion potential [17] , approximately given by
where f π and m π are the pion decay constant and the pion mass, respectively, and y u ∼
−5 is the up-quark Yukawa coupling to the Higgs boson. Note that the QCD-induced
V b is linear in h as it involves the SU(2) × U(1) breaking condensation ū L u R .
An alternative scheme is that V b is generated by new physics at scales around the weak scale [1] [2] [3] . In such case, the underlying new physics preserves the electroweak gauge symmetry, and the resulting barrier potential generically takes the form:
where µ 0 and µ b are determined by the model-dependent scale where V b is generated, as well as the involved coupling constants [1] [2] [3] . To implement the relaxion mechanism, one needs the Higgs-dependent part of V b dominate over the Higgs-independent part when the relaxion is stabilized, i.e.
To achieve this without a fine tuning problem, the scale where V b is generated should not
Using the stationary condition ∂V (φ, h)/∂φ = 0, one can relate the relaxion excursion scale f eff with the other model parameters as
where φ 0 is the vacuum value of the stabilized relaxion. As we will argue in Appendix (A), the relaxion field is stabilized at a value yielding
Here and in the following, Λ b corresponds to the value when the Higgs field develops the present vacuum value h = v = 246 GeV, i.e. Λ
Then the stationary condition (11) shows that the relaxion mechanism transmutes the unnatural weak scale hierarchy M ≫ v to a technically natural hierarchy between the relaxion scales:
where we use (10) and (12) for the lower bound on f eff /f . If the relaxion is a pseudo Nambu-Goldstone boson, both f eff and f must be interpreted as axion scales within the periodicity of the field variable [3] . Then the above relation calls for an explanation for the origin of the big hierarchy between the two axion scales, i.e. f eff /f ≫ 1 which is required for M ≫ 1 TeV. A possible solution to this problem has been proposed in [18, 19] , inspired by the earlier works [20, 21] based on models with multiple axions.
To implement the relaxion solution, there should be a mechanism to dissipate away the relaxion kinetic energy which originates from the initial potential energy of O(c 0 M 4 ).
If the energy dissipation is done by the Hubble friction during the inflationary period 3 , a long relaxion excursion requires a large number of inflationary e-foldings. As will be discussed in the next section, the required number of e-foldings severely depends on the oscillation amplitude Λ In this paper, we first identify the relaxion parameter space for a given value of the acceptable number of inflationary e-foldings, which we call the cosmological relaxion window 4 . We then examine observational constraints on the cosmological relaxion window.
Since a too large N e may cause a severe fine-tuning in the inflaton sector, we will focus on the region with N e 10 24 , i.e. the case that the barrier potential V b is generated by new physics, rather than by low energy QCD. We find that essentially there are three distinctive viable regions: i) a region with f ∼ few − 200 TeV and m φ ∼ 0.2 − 10 GeV, ii) another region with f ∼ 10 6 − 10 9 GeV and m φ ∼ few − 50 MeV, and finally iii) the biggest region with f > 10 7 GeV and m φ 100 eV. The first region is particularly interesting as it is within the reach of future beam dump experiment such as the SHiP [26] or improved EDM experiment such as the storage ring EDM experiment [27] . We note that these three regions include a part which allows a relatively small number of e-foldings less than 10 4 , although those parts require the Higgs mass cutoff scale to be below 10 TeV.
This paper is organized as follows. In Sec. II, we summarize the inflationary constraints on the relaxion prameters to identify the cosmological relaxion window. In Sec. III, we discuss a variety of observational constraints on the relaxion window, including those from cosmological or astrophysical considerations. Sec. IV is the conclusion.
II. COSMOLOGICAL RELAXION WINDOW
In this section, we summarize the conditions for the relaxion solution to be successfully implemented, under the assumption that the initial relaxion potential energy density of motion of relaxion to be dominant over the de-Sitter quantum fluctuation:
implying
where the stabilization condition (11) is used. Note that here Λ b corresponds to the value when the Higgs field has the present VEV, i.e.
The inflationary Hubble scale has also a lower bound coming from the condition to provide an enough friction to stop the relaxion motion after the barrier potential V b is generated. Otherwise, the relaxion keeps rolling down even after the condition (11) is satisfied because of a non-vanishing kinetic energy. Since it takes about a Hubble time to dissipate significantly the kinetic energy by the Hubble friction, this requires that the relaxion moving distance over a Hubble time be smaller than the width of the barrier potential around the time when the relaxion kinetic energy becomes comparable to the height of the barrier potential:
where the stabilization conditions (11) and (12) are used together with the lower bounds (16) and (17) On the other hand, if V b is generated by low energy QCD dynamics, one needs much more e-foldings. In fact, in this case the scheme should be modified to avoid the strong CP problem [1] . Taking into account the inflaton-induced relaxion coupling during inflation, which was introduced in [1] to avoid the strong CP problem, the resulting number of e-foldings is estimated as
where we use again the lower bounds (16) and (17) it is likely that the above huge e-folding number causes a severe fine-tuning problem in the inflaton sector [28] [29] [30] . To avoid this potential problem, in the following we will focus on the scenario that the barrier potential is generated by new physics, which allows the e-folding number to be much smaller than the case of QCD-induced barrier.
Requiring N NP < N e for a certain value of the acceptable e-folding number N e , the bound (19) is translated to M < min 9 TeV N e 10 4 1/4
, 10
30 GeV M 1 TeV
where we assume f > M for theoretical consistency, and Λ b O( √ 4πv) to avoid a finetuning problem in the new physics sector to generate the barrier potential. The second bound in (21) is derived from (15) and ( Since the relaxion gets its mass dominantly by the barrier potential as m φ ∼ Λ 2 b /f , the above relaxion window leads to
where we apply the bound (18) also. In Fig. (1) , we depict the cosmological relaxion window in terms of the relaxion mass m φ and the relaxion decay constant f for the acceptable number of e-folding N e 10 24 and the Higgs mass cutoff M > 1 TeV. The gray region with Λ b > 1 TeV is theoretically disfavoured as it requires a fine-tuning in the new physics sector to generate the barrier potential. In the next section, we will discuss a variety of observational constraints on this parameter region for N e < 10 24 , including those from cosmological and astrophysical considerations. 
III. OBSERVATIONAL CONSTRAINTS
In this section, we investigate phenomenological constraints on the cosmological relaxion window summarised in (21)- (24) . As argued in the previous section, one needs a new physics to generate the barrier potential in order for N e < 10 24 , which generically results
with µ 
where c φγ is generically of order unity. 6 As µ b and f are constrained by the acceptable number of e-foldings N e , one can examine the phenomenological consequences of those couplings for a given range of N e . At any rate, the barrier potential (25) provides the relaxion mass and also a relaxion-Higgs mixing, which are estimated as
Starting from (25) and (26), one can derive the effective couplings relevant for low energy relaxion phenomenology, which include [31] 
where s θ = sin θ φh , ψ f denote the SM fermions, and
where
6 Although there exist a specific type of models yielding |c φγ | ≪ 1, e.g. the model of [3] , such models should be regarded as a special case among the many possibilities which generically give c φγ = O(1). For instance, for the model of [3] , one can consider different assignments of the global charges, which are equally well motivated as they lead to the same barrier potential, but give c φγ = O(1). Another notable point is that the new physics sector generating the barrier potential typically involves some mass parameters which may need an explanation for their origin. An attractive possibility is that those mass parameters are connected to the relaxion decay constant f as in [18] , for which c φγ = O(1) in most cases.
Note that here we are considering a relatively simple situation [1] [2] [3] that the relaxion does not couple to the gluon anomaly operator GG, but couples to the electroweak gauge boson anomalies through the new physics sector to generate V b , and also to the gluon kinetic operator GG through the mixing with the Higgs boson.
As we will see, in most cases of our study, the relevant relaxion mass is in sub-GeV region. We then need the low energy relaxion couplings at scales below the QCD scale.
Using the low energy realizations of the QCD operators that appear in (29) [32] [33] [34] , we find the following low energy relaxion couplings to the pions, nucleons, photons and light leptons:
We then apply the above relaxion effective interactions to various low energy processes as described below. The result is summarized in Fig. (2 Among these three regions, the first window is particularly interesting as it is within the reach of near future experiments. Enlarged picture of this region is depicted in Fig.   (3) . For the parameter space of m φ 3 GeV in this region, relaxions decay dominantly into photons, and also into muons or pions with comparable branching ratio, which allows the parameter space probed by the SHiP experiment [26] . This region can be probed also by the future storage ring EDM experiment [27] which is claimed to improve the present bounds on the nucleon EDMs by several orders of magnitudes. In the following, we provide a description for the details of the constraints depicted in Fig. (2) .
A. LEP
The relaxion with a mass between 5 GeV and 100 GeV is mostly constrained by the LEP experiment through the process e + e − → Z → Z * φ or e + e − → Z * → Zφ as noticed in [66] , where the ZZφ coupling arises from the relaxion-Higgs mixing, and φ subsequently decays to the SM particles with the same branching ratios as the corresponding SM Higgs boson of an equal mass. 7 The LEP experiment provides an upper bound on the cross 7 The relaxion-photon coupling c φγ in (26) can change the branching ratios when the mixing angle θ φγ is very small. Still, it turns out that the mixing angle is large enough to suppress the photon branching ratio over the relevant mass region. section of the processes normalized to the value of the SM Higgs boson depending on the Higgs-like particle's mass (here, relaxion). This is translated to an upper bound on sin 2 θ φh in terms of m φ . As one can see from the relaxion-Higgs mixing (28), the upper bound on the mixing angle gives an upper bound on f for a given m φ .
The former process with an on-shell intermediate Z boson, which is analyzed by L3 [35] , imposes the most stringent bound on the mixing angle for a relaxion mass below about 30 GeV. For a larger mass up to 116 GeV, the four LEP collaborations ALEPH, DELPHI, L3, and OPAL provide a bound on the cross section of the latter process with a final on-shell Z boson [36] .
In Fig. (3) , we see that the LEP constraints exclude a relaxion heavier than 30 GeV within the relaxion window, while constraining the relaxion decay constant for a relaxion mass between 5 GeV and 30 GeV. We remark that the LHC bound concerning the Higgs decay to two relaxions h → φφ strongly constrains the relaxion-Higgs mixing angle beyond the LEP for m φ 25 GeV [66] . However, this mass region is almost excluded already by the LEP and electron EDM bounds within the relaxion window as one can find in Fig.   (3) .
B. EDM
A simultaneous presence of the relaxion-Higgs mixing and the relaxion-photon coupling φFF violates the CP invariance, so can induce nonzero electric dipole moments (EDMs).
For instance, EDMs of light fermions arise from the diagram of Fig. (4) , yielding [37, 38] 
Applying this to the electron EDM, we find
The current experimental bound on the electron EDM is d e < 8.7 × 10 −29 e · cm [39] . This implies that m φ 10/ √ c φγ GeV is excluded if the relaxion decay constant f is below v 2 /m φ ∼ 10 √ c φγ TeV. This constraint from the electron EDM is depicted in Fig. (2) under the assumption that c φγ = 1. Our result suggests that the relaxion with a mass below 10
GeV can be probed further by future EDM experiments, particularly by the storage ring EDM experiment which is claimed to improve the bound on the proton EDM down to [27] with a final goal d p ∼ 10 −30 e · cm [40] . In the enlarged Fig. (3) , we depict also the parameter region yielding the proton EDM d p = 10 −28 , 10 −29 , 10 −30 e · cm for c φγ = 1. Here the proton EDM is estimated by applying the QCD sum rule with the following relation [41] : where the renormalization scale is taken to be µ * = 1 GeV.
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C. Rare meson decay
For the relaxion with a mass below 5 GeV having a nonzero relaxion-Higgs mixing, there are strong constraints coming from rare meson decays [43] . The strongest one turns out to be
Using the results from the B factories [44, 45] and the SM prediction Br(B
, the new physics contribution is constrained as [43] Br(
where l min ≃ 25 cm is the transverse decay distance from the beampipe [46] and γ ≃ m B /(2m φ ). The branching ratio for B → Kφ is calculated to be [46] Br( [47] . On the other hand, the total decay width of relaxion is given by
with R πµ which can be calculated 9 [48] using the effective interactions (30):
At the end, the constraint (35) turns out to put an upper limit on the relaxion-Higgs mixing angle:
leading to
D. Beam dump experiments
For a relaxion mass around or below 2m µ , the bound from the CHARM beam dump experiment [52] becomes important. Following [43, 53] , the number of decaying relaxions inside the detector can be estimated as
9 In fact, there can be a sizable uncertainty in the value of R πµ as discussed in [48] [49] [50] [51] . This can lead to a factor 2-3 difference in the resultant upper bound on the relaxion decay constant f .
where γ ≃ 10 GeV/m φ , l d = 480 m is the detector distance from the target,l d = 35 m is the length of the detector, and the total number of produced relaxions is estimated as
with
where χ s = 1/7, χ b = 3 × 10 −8 , and the branching fractions are given by [32, 54] ,
,
The result of the CHARM experiment requires that
is roughly proportional to (m
it excludes a certain range of f for a given m φ . On the other hand, the SLAC 137 beam dump experiment [55] excludes some region with m φ < 100 MeV and f < 10 TeV, which results from the relaxion-photon coupling (26) .
E. Cosmological constraints
Relaxion may affect the Big Bang Nucleosythesis or the Cosmic Microwave Background (CMB). It may also contribute to dark matter, dark radiation, extragalactic background lights, or galatic X-Rays, depending on the relaxion mass and lifetime [56] . The bounds from these considerations depend on the amount of relaxions produced in the early universe, which in turn depends on the reheating temperature.
If the reheating temperature is large enough, relaxions will be in thermal equilibrium by the relaxion-photon coupling (26) . The decoupling temperature for the coupling (26) turns out to be [56] T D,φγ ≃ 100 GeV f c φγ × 10 6 GeV 2 .
Therefore, for f > c φγ × 10 6 GeV, relaxions cannot be in thermal equilibrium by the relaxion-photon coupling alone, unless the reheating temperature is substantially larger than the weak scale. However relaxion couplings resulting from the mixing with the SM Higgs boson can make relaxions in thermal equilibrium even when f > c φγ × 10
6
GeV and T 100 GeV. The dominant process for equilibrium is the single relaxion production through the collisions of SM particles, SM+SM → φ + g, where g denotes the gluons. The thermal averaged cross section of this process is estimated as
where β is the relative velocity of the colliding two SM particles.
Then relaxions are in thermal equilibrium if
which requires
If the reheating temperature T R is greater than the electroweak scale so that the top quark interaction can be effective in (47) with m f = m t , the relaxion is efficiently produced from the thermal bath for large region of f as far as the relaxion is heavy enough.
In Fig. (2) , we show the excluded parameter region for two different choices of the reheating temperature: T D,φγ < T R < f (dotted) and T R ∼ 100 GeV (dot-dashed).
Obviously the excluded region shrinks as the reheating temperature becomes smaller. The relaxion-nucleon coupling φN N in (30) , which originates from the relaxion-Higgs mixing, gives rise to an additional constraint through the relaxion emission by the nucleonnucleon bremsstrahlung process, which has been studied in [58, 59] . 10 Applying the results of [58, 59] to the relaxion case, we find that some of the region with the relaxion decay constant in the range 10 6 GeV f 10 10 GeV is further excluded for the relaxion mass in the range 0.1 MeV m φ 10 MeV.
G. The 5th force
A light relaxion can mediate a long range force through the Yukawa couplings to the SM particles induced by the relaxion-Higgs mixing [66] . Since the resulting Yukawa couplings do not exactly scale with the masses, this force violates the equivalence principle. At the Newtonian approximation, the total effective gravitational potential between two bodies A and B including the relaxion mediated force can be written as,
The couplingsα A,B are given by the sum of the universal contribution from the nucleons and a subleading element-dependent part. The universal part is calculated to be [61] 
where M Pl is the reduced Planck mass, and
which is the φN N coupling found in (30) . On the other hand, the subleading elementdependent part leads to a variation of acceleration depending on the test bodies. One can 10 See [60] for the constraints associated with the CP conserving ALP-nucleon couplings of the form
then put an upper bound on the universal couplingα from the torsion balance experiment [62] testing the equivalence principle, which in turn constrains the relaxion-Higgs mixing angle θ φh . The relevant interaction length ranges from 10 −2 m to a very long distance over 10 12 m, which corresponds to a relaxion mass below 10 −5 eV. However, it turns out that the couplingα within the relaxion window is fairly small compared to the experimental upper bounds if the relaxion decay constant f is sub-Planckian.
For a relaxion mass from 10 −5 eV to 0.1 eV (i.e. the interaction length from 10 −2 m to 10 −6 m), various experimental tests of the gravitational inverse-square law constrains the universal couplingα depending on the interaction length [63] . This restricts the relaxionHiggs mixing considerably, so that it excludes some of the parameter region with f 10
14
GeV, as depicted by the green colored region of Fig. (2) .
For a larger relaxion mass above 0.1 eV, the bounds from the Casimir effect [64] and neutron scattering experiment [65] might be relevant for constraining the relaxionmediated force [66] . However, they turn out to be too weak to exclude any of the parameter region within the relaxion window.
IV. CONCLUSION
To implement the relaxion solution to the weak scale hierarchy problem, there should be a mechanism to dissipate away the initial relaxion potential energy of O(c 0 M 4 ), where M is the Higgs mass cutoff scale presumed to be well above the weak scale and c 0
O(1/16π
2 ) to avoid a fine tuning problem. One typically assumes that the required dissipation of relaxion energy is achieved by the Hubble friction during the inflationary period. Then the scheme requires a rather large number of inflationary e-foldings which may cause a fine tuning problem in the inflaton sector. In the minimal scenario that the barrier potential is generated by low energy QCD dynamics, the required e-folding number is huge, N e 10 24 (M/TeV) 4 . On the other hand, in the alternative scenario that the barrier potential is generated by new physics around the weak scale, the required e-folding number can be greatly reduced, e.g. N e (M/TeV) 4 .
In this paper, we classified the parameter space of the relaxion mass m φ and the decay constant f in terms of a given value of the acceptable e-folding number, and examine a variety of observational constraints on the parameter region with N e 10 24 . After taking into account the observational constraints discussed in this paper, three viable windows survive: i) a window with f ∼ few − 200 TeV and m φ ∼ 0.2 − 10 GeV, ii) another window with f ∼ 10 6 − 10 9 GeV and m φ ∼ few − 50 MeV, and finally iii) the biggest window with f > 10 7 GeV and m φ 100 eV. The first window is particularly interesting as it is within the reach of future beam dump experiment such as the SHiP experiment [26] or improved EDM experiment such as the storage ring EDM experiment [27] . The parameter region with f > 10 6 GeV is constrained by a variety of cosmological/astrophysical bounds depending on the reheating temperature. All three windows include a parameter region with relatively small number of e-foldings less than 10 4 , although such region requires the Higgs mass cutoff scale to be below 10 TeV.
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where Λ 2 b = µ b v as defined in (10) . Generically it takes about a Hubble time to dissipate significantly the relaxion kinetic energy by the Hubble friction. For H I > m φ , the relaxion moving distance over a single Hubble time is smaller than the width of the potential well, as discussed in (16) . As a result, the relaxion kinetic energy from the potential well can be efficiently dissipated away by the Hubble friction, which makes the relaxion eventually stabilized within the potential well.
